[1] By exploiting data from the STEREO/heliospheric imagers (HI) we extend a well-established technique developed for coronal analysis by producing timeelongation plots that reveal the nature of solar transient activity over a far more extensive region of the heliosphere than previously possible from coronagraph images. Despite the simplicity of these plots, their power in demonstrating how the plethora of ascending coronal features observed near the Sun evolve as they move antisunward is obvious. The time-elongation profile of a transient tracked by HI can, moreover, be used to establish its angle out of the plane-ofthe-sky; an illustration of such analysis reveals coronal mass ejection material that can be clearly observed propagating out to distances beyond 1AU. This work confirms the value of the time-elongation format in identifying/characterising transient activity in the inner heliosphere, whilst also validating the ability of HI to continuously monitor solar ejecta out to and beyond 1AU. Citation: Davies, J. A., R. A.
Introduction
[2] A valuable technique for characterising Coronal Mass Ejections (CMEs), in terms of such parameters as their ascent profiles and timings, was developed by Sheeley et al. [1999] for application to observations from the LASCO coronagraphs on SOHO [Brueckner et al., 1995] . This technique involves the creation of a time-height map, constructed by stacking a time series of radial profiles extracted from a sequence of coronagraph images. In such a format, outward-propagating solar transients are manifest as inclined tracks, whose shapes depend on the propagation properties of the individual transients themselves.
[3] Observations from the HI instruments on the pair of NASA STEREO spacecraft can be used to extend the outer limit of this type of presentational format far beyond the 8°elongation limit of the outermost C3 LASCO coronagraph (elongation is the angle between the line to Suncentre and the line-of-sight). Indeed using HI alone we can instantly reveal the nature of solar transient activity over a region of the heliosphere extending out from around 4 to 90°elongation; this provides a unique method for investigating transient evolution in the inner heliosphere. As STEREO provides vantage points away from the Sun-Earth line, time-elongation plots produced using HI are especially valuable as they include events, such as CMEs, directed toward Earth.
[4] For HI it is more appropriate to use elongation than height, as knowledge of transient geometry is necessary to convert elongations to distances. In fact, a particularly useful aspect of the time-elongation analysis of HI observations is that the time-elongation profile extracted for a given solar transient can be fitted to provide an estimate of its direction of propagation, as well as its velocity [Rouillard et al., 2008; Sheeley et al., 2008a Sheeley et al., , 2008b . Knowledge particularly of the latter enables a better estimate of the true height profile of a transient to be derived, without the need for plane-of-the-sky approximations frequently used in coronagraph analysis. This is a significant advance, not only for studies of Earth-impacting solar ejecta but also for studying the global nature of transient activity as a function of distance from the Sun. Although touched upon by Rouillard et al. [2008] and Sheeley et al. [2008a Sheeley et al. [ , 2008b , here we detail the methodology used to optimise the timeelongation format to best exploit STEREO/HI observations, and illustrate its usage based on observations from an interval in July 2007 characterised by significant CME activity.
Instrumentation
[5] The STEREO spacecraft were launched in October 2006 into heliocentric orbits of approximately 1AU radius. STEREO-A leads the Earth in its orbit, while STEREO-B trails the Earth; the angular separation between each spacecraft and the Earth increases by approximately 22.5°every year. In addition to a complement of in-situ instrumentation, each STEREO spacecraft carries the SECCHI imaging suite [Howard et al., 2008] which comprises an Extreme Ultraviolet Imager (EUVI), two Sun-centred coronagraphs (COR1 and COR2), and HI. The HI instrument consists of two visible-light cameras, HI-1 and HI-2. The HI-1 camera has a 20 Â 20°field-of-view (fov) with its boresight directed at 14°elongation; the boresight of the 70°wide HI-2 fov is aligned at 53.7°. The HI boresights are nominally aligned in the ecliptic plane; however, this was not the case in particular during the initial phase of the mission. STEREO/HI builds upon the heritage of spacebased wide-field heliospheric imaging of the Solar Mass Ejection Imager (SMEI) on the Coriolis spacecraft [Eyles et al., 2003] . Here we present observations from the HI cameras on STEREO-A, designated HI-1A and HI-2A.
Observations
[6] As with conventional coronagraphs, the HI cameras detect photospheric light scattered from free electrons in the K-corona and from interplanetary dust around the Sun (the F-corona), as well as light from the stars together with any planets and other visual objects within the fov. The intensity of the F-corona and many brighter stars far exceeds that typical of K-coronal transients . A method applied extensively to coronagraph images to facilitate investigation of the motion of faint K-coronal features is the running difference technique [Sheeley et al., 1997] , in which each image is presented with the previous image subtracted. Hence what is viewed is the change in intensity over the fov between the current and previous image. Image differencing substantially reduces the F-coronal contribution to the HI images, the F-corona being stable on timescales far longer than the nominal image cadence of 40 and 120 minutes for the HI-1 and HI-2 cameras, respectively, such that much of what remains is K-corona. As the K-corona is illuminated via Thomson scattering, image differencing highlights changes in electron density between adjacent images, revealing regions of density enhancement and depletion.
[7] The progression of each STEREO spacecraft around its orbit leads to a drift of the star field through the HI fovs by some 2.5 arcmin/hr. This corresponds to a motion of approximately 1 pixel between adjacent images for both HI-1 and HI-2, the higher cadence of the HI-1 images being offset by its smaller pixel size compared to HI-2 (note that the synoptic science images for both cameras comprise 1024 Â 1024 binned pixels -the word pixel is used to refer to a binned pixel throughout). The stellar contribution to the difference images can be appreciably reduced by aligning each image pair in Geocentric Equatorial Inertial (GEI) coordinates prior to differencing. Since the STEREO spacecraft follow Earth-like orbits around the Sun, at distances small compared to the distances to other stars, GEI adequately represents the positions of stars viewed therefrom.
Image alignment requires precise determination of HI instrument attitude. We therefore take advantage of the work of Brown et al. [2009] who use star positions in an image to provide a more accurate determination of the HI pointing direction than was previously available, as well as deriving updated values for the optical characteristics of the cameras.
[8] Due to the presence of large spatial gradients in the F-corona, introducing a shift between adjacent images to align in GEI necessitates the prior subtraction of an F-coronal background from each image. As an estimate of the background for an image we use the minimum intensity observed in each pixel for all images taken by that camera within a 7-day interval centred on the day that the image was taken. Note that the above processing is supplemental to the standard HI calibration procedures, such as shutterless correction and flat-fielding .
[9] Figure 1a illustrates the relative positions and angular extents of the HI-1 and HI-2 fovs by combining running difference images from the two cameras onboard STEREO-A from 18UT on 12 July 2007; observations from the outer HI-2A camera are plotted where the two fovs overlap. The axes are given in terms of elongation along the centre line of the combined image (dashed line) and elevation angle perpendicular to that line; note that all values of elongation subsequently referred to in the text are along the centre line. Throughout the entire interval presented in this paper, the roll of STEREO-A from ecliptic north around its principal Sun-aligned axis was less than 1°. Consequently, since the orbital planes of the STEREO spacecraft are closely aligned with the ecliptic plane, the latter corresponds to a line that runs approximately along the centre of the combined HI image. This is confirmed by the position on the centre line, near 50°elongation, of the signature of Venus; some vertical bleeding of the saturated image along CCD detector columns is also visible. The semi-circular feature beyond Venus results from ghosting of its image in the camera optics. Camera distortion due to imaging properties of the wide-angle optics has been accounted for in the angular projection; this is particularly pronounced for HI-2 [Eyles et al., 2009] . A mask is applied to the HI-2A image to conceal areas of the fov obscured by both the stray-light baffle system and the Earth occulter that obscures the outer edge of the central portion of the HI-2 fov. The difference in their respective cadences means that, although combined as a single (albeit difference) image, the HI-1A and HI-2A images in each panel are not strictly simultaneous.
[10] In addition to the processing discussed above, a degree of smoothing is applied to reduce the residual stellar signal and other noise in the difference images. To this end, each pixel is replaced by the robust mean of its 7 Â 7 pixel neighbourhood, where values outside two standard deviations are disregarded in determining the final mean.
[11] Figures 1b-1i illustrate a sequence of such combined HI-1A/HI-2A running difference images, covering the interval 06UT on 12 July to 06UT on 16 July 2007 (although not equally separated in time). Here we are primarily interested in the passage of solar transients in the ecliptic. Thus in Figures 1b-1i we only display that portion of the combined HI image bounded by the rectangle marked on Figure 1a , which is centred on the centre line of the combined image which lies approximately in the ecliptic plane. Coverage in elevation angle encompasses the full extent of the HI-1A fov in that dimension, approximately 20°. Elongation extends from 4°at the inner edge of the inner HI-1A fov to around 74°, a limit imposed by the positioning of the Earth occulter in the HI-2A fov. Figure 1d corresponds to a truncated version of Figure 1a . In these images, an outward-propagating region of enhanced electron density is manifest as a positive (light grey/white) followed by a negative (dark grey/black) intensity perturbation, corresponding to regions of enhanced and reduced density, respectively.
[12] Figures 1b -1i reveal much coronal activity. However, of principal interest to us is the CME that is confined to elongations of less than 13°(i.e. within the HI-1A fov) at 06UT on 12 July (Figure 1b) ; the approximate elongation extent of this CME is indicated on each panel using horizontal bars. Features observed simultaneously at larger elongations are associated with an earlier CME, the most intense signatures of which propagate north of the ecliptic. Despite its complexity, the CME of interest can be traced quite clearly through the combined fov, entering the HI-2A fov by 18UT on 12 July (Figure 1d) . Although preceded by a hierarchy of overlying loops, the most conspicuous signature of this CME is a V-shaped structure that can be first distinguished from the background coronal variations around 12UT on 12 July having expanded out to 16°elongation (Figure 1c ). This feature propagates through the HI-1A fov before entering the HI-2A fov between 06 (Figure 1e ) and 18UT ( Figure 1f ) the following day. By 06UT on 16 July, this feature, although faint, can still be discriminated having propagated out to almost 60°elongation (Figure 1i ).
[13] Although our primary objective is reporting the more generic development of display and analysis methods for the study of heliospheric transients observed by STEREO/HI, we note that this CME is suggested by simple back-projection to have been launched early on 11 July, from an area on the eastern (relative to the Sun-Earth line) solar limb associated with NOAA active region 10963. It subsequently propagated through the fovs of the inner (COR1) and outer (COR2) coronagraphs on STEREO-A and -B, and both the inner (C2) and outer (C3) SOHO/LASCO coronagraphs. Figures 1b and 1i correspond to times approximately 24 and 120 hours after the projected CME launch time. Both STEREO/EUVI instruments and the analogous EIT instrument on SOHO reveal large-scale coronal disruptions in the vicinity of active region 10963 in the 171 and 195Å wavebands throughout this and the previous day. Activity was confirmed by the geostationary GOES satellite, which detected multiple B-and C-class X-ray flares.
[14] Although initially discernable in the coronagraph images at 04UT on 11 July, as a twisted emerging coronal loop, by 20UT (when well into the COR2 and C3 fovs) the CME had developed a three-part structure, comprising an outer loop followed by a low density cavity in which is embedded a dense core. This commonly observed CME morphology is reflected in the HI images (Figure 1) , with the outer loops and (in this case V-shaped) core, separated by a void. The outward-concave nature of the CME core observed by HI is echoed at lower heights in the coronagraph observations. Previous observations of CME-associated V-shaped coronal structures by LASCO and SMEI have been explained in terms of magnetic reconnection [Simnett et al., 1997] , line-of-sight integration along a horizontal flux rope [Wang and Sheeley, 2006] , and interaction of the CME with the solar wind [Kahler and Webb, 2007] .
[15] The time-elongation plot presented in Figure 2 is produced by stacking the intensities along the centre line of a sequence of combined HI-1A and HI-2A running difference images from July 2007, such as and including those in Figure 1 . Figure 2 covers the interval 6 to 26 July, which includes the passage of the aforementioned CME together with a host of other outward-propagating features. Like  Figures 1b-1i, Figure 2 extends in elongation from the sunward edge of the HI-1A fov to the edge of the HI-2A occulter, a coverage of 4 to 74°along the centre line which corresponds closely to the ecliptic throughout. As the signal within a pixel is the line-of-sight integral along a fixed direction, a specific elongation does not correspond to a unique height above the solar surface. However, as discussed later, the true height profile of a solar transient observed by HI can actually be derived from its elongation variation.
[16] To enhance the signal from faint coronal transients, what is presented is not simply a stacked time series of the central row extracted from each combined difference image. Instead, for each column the robust mean of the central 64 rows is evaluated. Again, HI-2A observations are plotted where the HI-1A and HI-2A fovs overlap. Before discussing the signatures of solar origin, we mention a number of other features visible in Figure 2 . Vertical white bars denote missing images in either/both cameras. The faint background of sunward-moving parallel lines corresponds to the remnant of the star field not entirely removed by the processing. The feature that migrates sunward from 50 to 47°elongation through the interval corresponds to the image of Venus in the HI-2A fov; the feature moving antisunward, from 52 to 55°, corresponds to Venus' ghost image.
[17] The time-elongation format provides an excellent means of revealing the evolution of solar ejecta over extended time intervals, in this case in the ecliptic plane. Presenting the STEREO/HI observations in this way enables us to instantly visualise outward-moving solar transients over a region that extends out to over ten times the maximum elongation covered by LASCO and, indeed, twenty times further out than the images from the coronagraphs onboard STEREO. Clearly we are extending a coronal monitoring technique to the analysis of heliospheric phenomena. These observations were made by STEREO-A from a vantage point 11°off the Sun-Earth line. Use of this unique perspective will be further enhanced as the mission progresses, when increased inter-spacecraft separation will afford us the most effective use of simultaneous observations from the two STEREO spacecraft.
[18] As noted above, Figure 2 reveals an abundance of inclined tracks, indicating antisunward-moving solar transients. The variety of forms exhibited by these signatures, over a relatively limited time interval, suggests a great diversity of propagation characteristics manifested by solar ejecta. Many appear not to trace out a simple linear trajectory but exhibit gradual changes in their slope. Although such changes may indicate a real acceleration or deceleration of solar transients, at the elongations monitored by HI it is more likely to be a result, and an extremely useful one, of observing geometry.
[19] A striking feature of the time-elongation plot is the distinct reduction in the number of antisunward-propagating solar transients observed at increasing elongations; note this does not refer to the discontinuity near 18°caused by the different HI-1/HI-2 instrument sensitivities. Below around 10°, large numbers of outward-moving features are apparent; it is the highly dynamic region below 8°elongation that is viewed by LASCO and the STEREO/COR coronagraphs. Beyond these elongations, many such features appear to fade out. This is likely due to a combination of a number of factors, including the reduction in their intensities below the observational sensitivity as they expand radially outward and merge into the background solar wind structure. Another contributory factor would be the reduction in scattering efficiency if the transients diverge from the Thomson scatter sphere, the surface of maximum scattering [Vourlidas and Howard, 2006] , as they propagate outward. Nevertheless, about 20 events are still visible out to 30°elongation, and a small number beyond even that. This simplification of the solar wind structure away from the Sun is surely a fundamental feature of the inner heliosphere. The time-elongation plot graphically illustrates major differences between the active inner heliosphere, within the first ten or so degrees, and the much more large-scale structuring of the solar wind at Earth-like distances.
[20] One transient is conspicuous in that it can be clearly tracked across the entire elongation range of Figure 2 . This feature, which enters the HI-1A fov near 00UT on 12 July and propagates antisunward until it finally becomes obscured by the HI-2A occulter late on 17 July, corresponds to the CME imaged in Figure 1 and launched from the eastern solar limb on 11 July. It is the ascending dense CME core material that produces this, the clearest signal. Note the transition between light and dark within the core trace results from use of difference images. Leading the CME core, yet separated from it by the cavity region, are the fainter tracks of the complex hierarchy of outer loops.
[21] Sheeley et al. [2008a Sheeley et al. [ , 2008b and Rouillard et al. [2008] have demonstrated that in viewing a solar transient propagating at a constant speed out to large elongations, HI will not record a simple linear trajectory. Instead, the trajectory will exhibit a particular shape depending upon the longitude of propagation of the transient relative to the Sun-spacecraft line and its radial speed. Analysis of the elongation variation of the CME core material returns a best fit for a longitude 48°east of the Sun-STEREO-A line and a radial speed of 320 kms
À1
; in principal such analysis can be applied to the ascending profile of any signature in a plot such as Figure 2 . We note that this fitted value for its longitude of propagation, bearing in mind the location of STEREO-A at the time (11°ahead of Earth), is consistent with the CME being associated with active region 10963. This region was located 38°east of the central meridian as seen from SOHO at 04UT on 11 July, the time when the CME was first discernable in coronagraph observations. The fitted parameters provide an estimate for the CME launch time of 13UT on 11 July. This does not account for the possibility of true acceleration near the Sun, so is not incompatible with a launch time nearer 04UT. Given the premise of the STEREO mission and in particular HI instrument concept, more interesting than the launch time of the CME is the distance over which it can be observed. The CME can be clearly tracked in the ecliptic until it becomes obscured by the occulter at 74°elongation. For its longitude of propagation, this corresponds to a distance from the Sun of 1.1AU. It is worth pointing out that for such a low velocity CME, it is unlikely that the concave nature of the CME core is due to a wind shear effect. Only by using multi-spacecraft, in-situ observations could one distinguish between the two alternative explanations of magnetic reconnection and line-of-sight integration effects.
[22] We have focused on a generalised description of the application of the time-elongation technique to HI observations. Although illustrated through reference to a particular CME, other phenomena can certainly be identified from such displays, for example Corotating Interaction Regions (CIRs) [Rouillard et al., 2008; Sheeley et al., 2008a Sheeley et al., , 2008b . In fact, the family of converging tracks observed most clearly by HI-2A between 19 and 22 July constitutes a typical CIR signature as observed by HI on STEREO-A [Sheeley et al., 2008a; Rouillard et al., 2008] .
Conclusions
[23] The STEREO/HI instruments herald a major advance in the study of the propagation and evolution of solar transients in the inner heliosphere, in particular those directed towards Earth. They enable, for the first time, solar transients to be imaged continuously out to 90°elongation from vantage points away from the Sun-Earth line. The principal aim of this paper is to demonstrate the power of presenting the HI observations in a time-elongation format based on that developed to display coronagraph observations. In doing so, the scope of this type of plot is expanded beyond its original goal of characterising the temporal behaviour of the near-solar corona to illustrating the nature and behaviour of solar ejecta over much of the inner heliosphere, out to and beyond 1AU. The time-elongation map of combined HI-1 and HI-2 observations from the STEREO-A spacecraft for an interval in July 2007 reveals a plethora of ascending solar transients. Whilst many such features appear to dissipate or merge close to the Sun, a significant fraction persist out to several tens of degrees elongation. This technique powerfully illustrates the fundamental evolution of the heliosphere outward from the Sun.
[24] One antisunward-propagating solar transient, a CME, can be clearly tracked across the entire elongation range covered by HI along the ecliptic, 4 out to 74°. A fit to the time-elongation profile of its dense core provides estimates of its longitude and velocity consistent with the CME launch having been associated with an active region within the streamer belt on the eastern solar limb. In-situ observations from the Venus Express spacecraft indicate that it passed through the piled-up sheath region surrounding this CME; Venus' location relative to the predicted longitude of propagation of the CME suggests a CME halfwidth of less than 12°. Observations from the Messenger spacecraft, predicted to be in the direct path of this CME, are under analysis. This is one of the first CMEs to be observed clearly to the limit of the HI fov, which for its longitude corresponds to a distance 1.1AU from the Sun, thereby validating the efficacy of STEREO/HI in the study of the propagation of solar transients to and beyond Earthlike distances.
